Introduction
The avocado fruit (Persea americana Mill.) is popular mostly due to being nutritious (Dreher and Davenport, 2013) , and its excellent rich, nutty and buttery flavour. Avocado also contains numerous phenolic acids and flavonoids. Furthermore, avocado contains high level of fatty acids, in particular oleic acid, Lu et al., 2009 , Pedreschi et al., 2016 , and very little sugar content compared to other fruit (USDA, 2011) . Avocados are also rich in vitamin E and phytosterols (Dreher and Davenport, 2013) .
Anthracnose, caused by Colletotrichum gloeosporioides Penz., is the main postharvest disease responsible for severe losses throughout the supply chain (Bill et al., 2014a) . The pathogen remains quiescent and does not develop until the fruit begins to ripen (Prusky et al., 2013; Prusky and Litcher, 2007) . It has been reported that antifungal diene compound (AFD; 1-acetoxy-2-hydroxy-4-oxo-heneicosa-12, 15-diene) primarily involved in the resistance of unripe fruit to fungal attack (Prusky et al., 1983; Prusky et al., 1982) declines as fruit ripens, due to oxidative metabolism by the lipoxygenase enzyme. This consequently facilitates a rapid growth of the pathogen through the peel and into the fruit pulp (Prusky et al., 2013; Prusky et al., 1991) .
The evolution of ethylene speeds up the infection process making the fruit unmarketable. The activity of lipoxygenase is known to be modulated by the level of its inhibitor -epicatechin (Karni et al., 1989; Prusky, 1996; Prusky et al., 2013) , a product of the phenylpropanoid pathway. (Table 1) A postharvest application of synthetic non-systemic fungicide prochloraz ® is currently being used to control anthracnose. However, increasing consumer concerns regarding the food safety, has brought a need for alternative methods to control postharvest decay. There is a growing interest in the research focused on activating natural compounds that can act as resistance inducers or elicitors for sustainable plant protection against pathogens, and thus prolonging storability of the fruit (Glowacz and Rees, 2016; Sivakumar and Bautista-Banos, 2014) . One of the emerging options is the use of essential oils due to their antifungal, ecofriendly and biodegradable properties (Calo et al., 2015; Prakash et al., 2015; Sivakumar and Bautista-Banos, 2014) . Laird and Phillips (2011) have stated that because of their high volatility, essential oils applied in the vapour phase can be effective even at low concentrations, which makes them feasible as fumigants in the postharvest systems.
Thyme oil vapours applied under modified atmosphere packaging (MAP) conditions, have been reported to effectively control the anthracnose disease in 'Hass' avocado (Sellamuthu et al., 2013a) , with thymol -a natural monoterpene phenol derivative -being the active ingredient (Bill et al., 2014b; Sellamuthu et al., 2013b) . Thyme oil has been classified as a minimum risk pesticide and is currently exempted from the pesticide residues tolerance requirements (EPA, 2015) .
The exposure to thyme oil vapours has previously been reported to reduce anthracnose disease incidence by inducing the expression of pathogenesis-related (PR) genes, i.e. chitinase and 1-3 β-glucanase (Bill et al., 2016) in 'Hass' and 'Ryan' avocados. These enzymes are capable of hydrolysing polymers of fungal cell walls and are therefore implicated in the plant defence mechanisms (Mauch et al., 1988) , reducing the fruit decay. However, other mechanisms may also be involved in increasing fruit resistance, and to the best of our knowledge, there is no information in the literature on the effect of thyme oil vapours exposure on the expression of PAL and LOX genes in the mesocarp of avocado fruit. Thus, the objective of this study was to investigate the effect of thyme oil vapours on their expression in 'Hass' (most exported cultivar in South Africa) and 'Ryan' (noted to be more resistant to anthracnose in our previous work) avocado fruit using real-time PCR.
Materials and methods

Plant material and handling
Freshly harvested, unblemished avocado fruit 'Hass' and 'Ryan' were obtained from Bassan Packers (Limpopo Province, South Africa) at commercial maturity. Fruit were washed in sodium hypochlorite (0.01 % NaOCl) solution for 5 min and were gently dried afterwards.
Subsequently, avocado fruit were i) dipped for 5 min in 0.05 % prochloraz ® -the commercial treatment; ii) dipped in distilled water for 5 min -untreated control; iii) exposed to thyme oil vapours for 24 h at 20 °C. The thyme oil vapour exposure was performed as previously described in Bill et al. (2016) . Briefly, avocado fruit were placed in the 10 L containers, avoiding direct contact between the fruit and thyme oil (96 µL L -1 ). 'Hass' and 'Ryan' fruit were subsequently stored for 21 d at 7 and 7.5 °C, respectively to simulate the shipping conditions, and thereafter held at 20 °C, RH 70 % for 5 d to simulate the retail shelf-life conditions. Each treatment had ten replicate boxes, each containing eighteen fruits, i.e. 180 fruit per treatment, equalling to 540 fruit per trial. The experiment was repeated twice.
Anthracnose incidence and severity
The incidence of anthracnose was recorded as a % (out of a 100) of infected fruit (naturally infected) and lesion size was measured at the end of the retail shelf-life stage, i.e. after 21 d of cold storage plus 5 d at 20 °C. Naturally infected fruit were used in order evaluate the effect of TO fumigation on the natural inoculum load from the field under the current shipment conditions.
PAL and LOX genes expression
One fruit from each box (1 x 10 x 5) was taken out at day 0 and after 7, 14, 21 d, and finally after additional 5 d at 20 °C. For genes expression analysis, fruit samples were cut into small pieces, frozen in liquid nitrogen and stored at -80 °C until use. Samples were freeze-dried and ground into powder prior the analysis.
RNA Extraction
High quality total RNA was obtained from the fruit following the protocol of Landi and Romanazzi (2011) . Briefly, 10 g of avocado pulp tissue was ground in liquid nitrogen, and 300 mg of the resulting powder was collected for RNA extraction. Total RNA was extracted using the total RNA plant mini kit (Zymo Research Corporation, Inqaba Biotech, South Africa). RNA integrity was verified by running samples on the agarose gels that were stained with SYBRSafe (Invitrogen, Carlsbad, CA, USA). Each RNA sample (1 µg) was analysed by electrophoresis in 1.8 % (w/v) agarose and 1.0 % (v/v) formaldehyde denaturing gel according to Masek et al. (2005) . The RNA purity was assessed based on the absorbance ratio of 1.80 to 1.90 at 260/280 nm and 1.80 to 2.00 at 230/260 nm, using the BioPhotometer plus (Eppendorf Inc., Westbury, NY, USA).
Reverse Transcription PCR
A total of 1 µg of RNA was used for cDNA synthesis with reverse-transcription PCR, using Transcriptor first strand cDNA synthesis kits (Roche Applied Science, Penzberg, Germany) according to the manufacturer's instructions. From each RNA extraction, cDNA synthesis was performed twice, and the products were mixed before the gene expression studies. were validated using the geNorm method, using the 3.5 version.20.
Primers and Reference Gene Selection
Quantitative Real-Time PCR
Gene expression analysis was performed by qPCR, using a SYBR-green dye system, according to Minimum Information for Publication of Quantitative qPCR Experiments (MIQE)
guidelines (Bustin et al., 2009 ). The comparative −ΔΔC t method (Livak and Schmittgen, 2001) was used to evaluate the relative quantities of each of the amplified products in the samples. 
Quantification of (-)-epicatechin content
A set of three fruit from ten replicate boxes (3 x 10) per treatment were used for the quantification of (-)-epicatechin content. Avocado fruit samples were frozen in the liquid nitrogen and kept at -80 °C until use. Samples were freeze-dried using a VirTis BenchTop Freeze Dryer (SP Scientific, New York, USA) and ground into powder prior to the analysis.
(-)-Epicatechin content in the fruit was measured according to the method of Zhang and Zuo (2004) The GC/MS conditions and run parameters were set according to Zhang and Zuo (2004) . Helium was used as a carrier gas at flow rate of 1 mL min -1 .
Identification of (-)-epicatechin was achieved by matching the peaks retention time (RT) with authentic standards. The individual compounds were quantified by calculating their peak areas, and their content was expressed on dry weight (DW) basis.
Physical properties of the fruit
Flesh firmness was determined along the equator of the fruit using a Chatillon Penetrometer, Model DFM50 (Ametek, Largo, Florida, USA) with an 8 mm diameter flat-head stainless steel cylindrical probe -puncture test. Skin and flesh colour measurements were taken using a Minolta Chroma meter CR0-2000 (Minolta Camera Co. Ltd, Tokyo, Japan), calibrated with manufacturer's standard white plate.
Statistical analysis
A complete randomised design approach was adopted in this study. The experiments were repeated twice and the data were analysed with the General Linear Model (GLM) 
Results and discussion
Effect of thyme oil vapours on anthracnose incidence
The exposure of avocado fruit to thyme oil vapours prior to cold storage resulted in nearly 60 % lower anthracnose disease incidence in both naturally infected 'Hass' and 'Ryan' avocados when compared with untreated control (Fig. 1A) . Compared to the commercial treatment (prochloraz ® ), thyme oil vapours effectively reduced the incidence of anthracnose by 10 % in 'Hass' and 'Ryan' avocados, while the lesion size was not affected (Fig. 1B) . These results are in agreement with Sellamuthu et al. (2013a) and Bill et al. (2016) . In addition, the current study showed that 'Ryan' seems to be more resistant to anthracnose than 'Hass'.
Effect of thyme oil vapours on PAL and LOX genes expression and (-)-epicatechin content
Gene expression analysis was quantified from naturally infected avocado fruit ('Hass'
and 'Ryan') subjected to TO fumigation, commercial treatment (prochloraz®) and untreated control in order to quantify the eliciting effect of the treatment alone. Even though the expression of PAL genes increased over the cold storage period in both 'Hass' and 'Ryan' avocados ( Fig.   2A and B) , it is worth noting that higher expression of the PAL genes was reported for both cultivars in the fruit exposed to thyme oil vapours prior to cold storage. The basal level of expression of PAL genes was higher in 'Ryan' than in 'Hass' avocados. In 'Hass' avocados, PAL gene expression was increased after 21 d of cold storage, with increased expression of 11.4-fold in untreated fruit, which corresponded with 18.6-fold and 42.2-fold increase in fruit treated with prochloraz ® and those exposed to thyme oil vapours, respectively. In 'Ryan', the expression of PAL gene was also increased after 21 d of cold storage, with increased expression of 96.8-fold in untreated fruit, which corresponded with 101.4-fold and 174.5-fold increase in the fruit treated with prochloraz ® and those exposed to thyme oil vapours, respectively. The expression of LOX genes increased over the cold storage period in both 'Hass' and 'Ryan' avocados in untreated fruit and those dipped in prochloraz ® ( Fig. 3A and B) . However, this increase was limited in the fruit exposed to thyme oil vapours prior to cold storage, suggesting down-regulation of LOX genes expression in both cultivars. In 'Hass' avocados, LOX gene expression was increased after 21 d of cold storage, with increased expression of 15.1-fold in untreated fruit, which corresponded with 9.3-fold and 4.5-fold increase in fruit treated with prochloraz ® and those exposed to thyme oil vapours, respectively. In 'Ryan' avocados, the expression of LOX gene was also increased after 21 d of cold storage, with increased expression of 13.2-fold in untreated fruit, which corresponded with 10.5-fold and 2.6-fold increase in fruit treated with prochloraz ® and those exposed to thyme oil vapours, respectively ( Fig. 3A and B) .
Exposure of both avocado cultivars to thyme oil vapours prior to cold storage led to a higher content of the flavan-3-ol, (-)-epicatechin in the fruit skin compared to both the prochloraz ® dip and untreated control treatments (Fig. 4) . In 'Hass' avocados (-)-epicatechin content was higher than in untreated fruit and those dipped in prochloraz ® , whereas in 'Ryan' avocados, their content was higher than in untreated fruit but not different from those dipped in prochloraz ® (Fig.   4 ).
13 It is interesting to note that the exposure to thyme oil vapours induced higher expression of PAL genes that coincided with lower expression of LOX genes in both 'Hass' and 'Ryan'
avocados. The PAL gene is a key factor in the phenylpropanoid pathway and is involved in the biosynthesis of phenolic compounds such as phenolic acids and flavonoids (Naoumkina et al., 2010; Singh et al., 2010) . Their content has indeed been found to be higher in avocado fruit exposed to thyme oil vapours. On the other hand, the expression of the PAL gene was comparably higher in 'Ryan' than 'Hass' avocado fruit at similar time points. Phenolic compounds improve the antioxidant capacity and ROS scavenging activity, thus they can also contribute to enhanced resistance to pathogen challenge (Mittler, 2002) . Increased antioxidant activity has previously been reported in 'Fuerte' and 'Hass' avocados inoculated with C.
gloeosporioides spore suspension and then exposed to thyme oil vapours at 66.7 µL L -1 (Sellamuthu et al., 2013b) .
One of the key finding of this research is the fact that exposure of avocado fruit to thyme oil vapours prior to cold storage enhanced the accumulation of (-)-epicatechin. Epicatechin (flavonoid) is a product of the branching pathways downstream of the phenylpropanoid pathway (Alon et al., 2013) . Therefore, the up-regulation of the PAL gene consequently resulted in the accumulation of this functional compound in fruit exposed to TO vapours as demonstrated. It has been previously suggested (Ardi et al., 1998 ) that the biosynthesis of epicatechin is involved in increasing the resistance of avocado fruit to C. gloeosporioides. Furthermore, the cultivars of avocado that are more resistant to fungal decay, were reported to have high (-)-epicatechin content, that declines with a slower rate during ripening (Prusky et al., 1988) . Epicatechin is also involved in slowing the rate of decline of antifungal diene compound (AFD) via lowering/delaying the expression of the LOX genes (Prusky et al., 2013; Prusky et al., 1996) , which in fact has been reported in this research. Therefore, it can be hypothesised that downregulation of LOX gene expression in 'Hass' and 'Ryan' avocado is the main mode of action of thyme oil vapours that contributed to enhanced resistance to anthracnose. The findings from this research suggest that in addition to the above mentioned mechanism of action, thyme oil vapours may prime the fruit (Conrath et al., 2002) , and enable them to rapidly activate their defence mechanisms when challenged by pathogens. On the other hand, increase in epicatechin content via exposure to thyme oil vapour treatment is associated with many health benefits such as reducing the incidence cancer, cardiovascular diseases and type 2 diabetes (Park et al., 2014) .
Effect of thyme oil vapours on the physical properties of the fruit
Fruit physical properties, i.e. firmness ( firmness values in untreated fruit were most likely associated with higher incidence of anthracnose disease, and progressing fruit decay as noted earlier in the current study. Similarly, results were noticed in our previous work (Bill et al., 2014b) . Reddy et al. (2000) and Atkinson et al. (2012) reported that the application elicitor treatment such as chitosan in fruit also helps inhibit cell wall macerating enzymes such as pectate lyse (C. gloeosporiodes virulent factor) and cellulose thus retaining fruit firmness. Therefore, exposure of avocado fruit to thyme oil vapours prior to cold storage helped in maintaining fruit firmness by reducing the decay. 
Conclusion
Thyme oil vapours reduced the anthracnose disease incidence by acting as a natural elicitor of plant defence via up-regulation of PAL gene expression and enhanced biosynthesis of epicatechin. At the same time, thyme oil vapours led to down-regulation of LOX gene expression. All these components are involved in the response to fungal infection. Therefore, exposure to thyme oil vapours prior to cold storage is a promising alternative to commercial fungicide prochloraz ® treatment that is currently being used by the industry.
